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the base current and the short-circuit in a sequence. An
associated method is also provided.

19 Claims, 14 Drawing Sheets

1 11 2
HT+ / 17 16
———————— A Y A /
U L 3
% Rz 5 .
| 14\»‘-\1‘ I N g Rt o
! + M ,;,;j)\' I E Fea 4 R1
Yo Rs \ | e
; \\_""_‘ I | MID)| O3 D2 Aux :
; E 24 231 J
8 ST e Wi
VHEDY B e 380 PSS
8 st i SN > Sec1 D21 |
- 7.8 20 3] [ s
4 ; 5 G p ; e .E 202 oo
| A:,éSJ | R4 ! Main 1) (77 sl Cutput
! ot . b .
Iyly o . ; /t“ o’ w2 — 2
’ [ E | 2
| 5 7 [rs12 | Sr—3 ____1g .
| LN |
________________________ v
1
HT i
c



US 12,341,416 B2

Page 2
(51) Imt. ClL
HO2M 1/38 (2007.01)
HO02M 3/335 (2006.01)
HO2M 3/00 (2006.01)
(52) US. CL

CPC ... HO2M 3/33569 (2013.01); HO2M 3/33571
(2021.05); HO2M 3/01 (2021.05)

(56) References Cited
U.S. PATENT DOCUMENTS

2009/0167081 Al*  7/2009 Chen .........ceeevunne HO02M 1/08
307/31

2013/0200929 Al 8/2013 Sawada et al.
2014/0063883 Al* 3/2014 Familiant .............. HO2M 1/38
363/131

2018/0159440 Al 6/2018 Xu et al.

FOREIGN PATENT DOCUMENTS

CN 107800423 A 3/2018
CN 108233684 A 6/2018
EP 2248252 11/2020
JP 2005304218 A 10/2005
JP 2008199037 A 8/2008
WO 2009095649 Al 8/2009
WO 2021051254 Al 3/2021

OTHER PUBLICATIONS

India Intellectual Property Organization, First Examination Report
for Application No. 202217022524, mail date Jun. 26, 2024, 5 total
pages.

* cited by examiner



U.S. Patent Jun. 24, 2025 Sheet 1 of 14 US 12,341,416 B2

L oad

PRIOR ART

.
i
o

3 3 L

NN*NN»N NNNNNNN "an‘

; s"\ I L T

|

| K

| " "

* .

I

| S—

|

|

remed
147
G/

r - ¥
| |
L2

i o

| 3 i
i i
i §

S . S S R Y S SR R




US 12,341,416 B2

Sheet 2 of 14

Jun. 24, 2025

U.S. Patent

LIV J0rdd

.

rwuw—ww«—i‘«w—-ﬂww@*ﬁﬁe“m

!

Femanes

i
! _
& |
2 | b
—© T3
| S o e e
M T4
b . A £
1 17
DTS * i«
R
oo ) | 3 iy ) 5 4 |
T vt m bt
| .m
_ et Jw
e et et e e e e e oo s e o s o oo oo e oot oot d :
f m.m.\!.(ue %
i = g
w ‘4 i m M
i o | e
i f
i [
} ; P
} 1 i
} t ‘ L
s



US 12,341,416 B2

Sheet 3 of 14

Jun. 24, 2025

U.S. Patent

€314

€T

120 10— m

nding = = <
oa R A \ " |

jza 1098 < || - § | ae.

P AHA

J8loRuOD

6 | AR

{




US 12,341,416 B2

Sheet 4 of 14

Jun. 24, 2025

U.S. Patent

¥ "84

-1H €l

.
=
-{ g
L™ s o —— — ———— —— - o o_—— " - - -— """ o

q-
50
N~
5
]
-——

18jj08U0D

D AHA



US 12,341,416 B2

Sheet 5 of 14

Jun. 24, 2025

U.S. Patent

G '8i4

e J— o
— =

nding BN
ad

- -

1T - >,w//

4 o !
|
|
|
|
|
|
|
|
|

([ AHA

FENITe)

E
N
[

!

3 & L

9T LT \\ /// +LH /H



US 12,341,416 B2

Sheet 6 of 14

Jun. 24, 2025

U.S. Patent

wnding
od

0

B e

,,,, ,
Y zosg o

* !/
12Q 1998 -
] =

9 ‘814

LT

o Ui

Sy
Y.

Somy oz <)

.Vy-. I S
m/ . 1
i

va N

91

- Qmﬂ_v\ | 19
O] | pr— 8
== QN T |
|\ ea| ] A 14
.. 6 L v}
b

1BIoRUOD

o AHA



US 12,341,416 B2

Sheet 7 of 14

Jun. 24, 2025

U.S. Patent

L 814

BN U S U S O I O O O O O Q-
. . . . . . . . . . . . . mmvzm

. uaunD
A

it

H

usdo ”||‘ L L S “|“ ”|” ”|“ |

pasop

€ Zz: L iv. ¢ iz, L i¥. € ig. v ¥.g€ iz, . sdug



U.S. Patent Jun. 24, 2025 Sheet 8 of 14 US 12,341,416 B2

Steps 1 2 3 4. 1 2 3 4 1

- e e SRR ---------------- clased
St _l___: L L 2 -—= ——-open

Primary : : ‘ .
Current : e SN

—_— ——— ———— —_———— —— e — — e — ——— —— — — =

Bridge
Voltage

Fig. 8



US 12,341,416 B2

Sheet 9 of 14

Jun. 24, 2025

U.S. Patent

-

[

s

o

SO

o

B

+H

B7) [2AIS1U]

49
40 Bunun g
m\w\_ \
=N

S

\

T

IHA

AHN

6 "SI

W

23

SAGIPIC T

I

© |
X o
&9 m_ R -
NEx) R R
[
Au.u;_
3
L

L feadsiul



US 12,341,416 B2

Sheet 10 of 14

Jun. 24, 2025

U.S. Patent

uado

pasop

0T "Si4

R . _abeiiop
: ” abpug

||| ||||| || ||||| e A N o aunD

Arewitd

11111 }

T v vyoE T+ vo€ T L sdus



US 12,341,416 B2

Sheet 11 of 14

Jun. 24, 2025

U.S. Patent

]

H—>

|A”.w.u.auo¢.tvm -— :
: . — U ——

1T 814

Co__iA___ _eBeyopn
: : : sBpig

s unn
T Asewilig




US 12,341,416 B2

Sheet 12 of 14

Jun. 24, 2025

U.S. Patent

B S — D
Lo —odtle 4—

i N

S S SN . =117
- : : : : 2Bpug

aling

W|WW||||W |%|| W|J|UMW|>E;EQ




US 12,341,416 B2

Sheet 13 of 14

Jun. 24, 2025

U.S. Patent

€T 814

@ =v m

..... T IS NS U N O SN R S EVAR Y (N N
: : : : N B : = N T : : : m wmﬁﬁm

e N NN NS - _eunD
: : : : : : s B U : : \ \m,..mccw_.hn_

_ S N R BN D N N

| | . uen — H

yado : L : ”IIW‘|m.,w|'mlllm;lI$1'm Im” “IWI“

pasoD

€ . ¢ L v. € ‘T 1L ¥. €& T iV ¥.t% 7.1 sdos



US 12,341,416 B2

Sheet 14 of 14

Jun. 24, 2025

U.S. Patent

¥T "814

nding
od

€T

IBonuoD

o LHA



US 12,341,416 B2

1
CONTROLLER FOR POWER CONVERTER

RELATED APPLICATION INFORMATION

This patent claims priority from International PCT Patent
Application No. PCT/CN2019/106085, filed Sep. 17, 2019
entitled, “CONTROLLER FOR POWER CONVERTER”,
which is incorporated herein by reference in its entirety.

NOTICE OF COPYRIGHTS AND TRADE
DRESS

A portion of the disclosure of this patent document
contains material which is subject to copyright protection.
This patent document may show and/or describe matter
which is or may become trade dress of the owner. The
copyright and trade dress owner has no objection to the
facsimile reproduction by anyone of the patent disclosure as
it appears in the Patent and Trademark Office patent files or
records, but otherwise reserves all copyright and trade dress
rights whatsoever.

FIELD

The invention relates to controllers for and methods of
controlling power converters, and in particular, switched-
mode power converters based on bridge topologies such as
half-bridge converters, but the invention is not limited to
these particular uses.

BACKGROUND

Referring to FIG. 1, prior U.S. Pat. No. 9,219,428 shows
a low-cost lighting ballast based on a controlled self-oscil-
lating half-bridge resonant switching topology. This topol-
ogy uses two low-cost bipolar switches in a half-bridge
arrangement, whose base-emitter junctions are mutually
coupled by windings on a base drive transformer. The base
drive transformer is an integral part of the self-oscillating
design, providing not only mutual coupling but also galvanic
isolation of the base drives for the top-side and bottom-side
BJTs. A control winding is provided on the base drive
transformer to enable frequency control through connection
of a regulating controller. Though widely used, one draw-
back to this arrangement is the size and cost of the base drive
transformer.

Referring to FIG. 2, prior U.S. Pat. No. 7,956,550 shows
a self-oscillating non-regulating converter based on two
complementary BJTs and a base drive transformer with a
tuned circuit to set the operating frequency. Again, one
drawback to this arrangement is the size and cost of the base
drive transformer.

It is an object of the present invention to overcome or
ameliorate at least one of the disadvantages of the prior art,
or to provide a useful alternative.

It is an object of some embodiments of the present
invention to provide a controller of reduced size and cost
without sacrificing the performance or control functions
provided by a controller having a base drive transformer.

SUMMARY

Embodiments of the present invention in a first aspect
provide a controller for a power converter having at least a
first switch and a second switch, each switch being a
transistor with a collector terminal, an emitter terminal, and
a base terminal, the controller connectable to the base
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terminals of the first and second switches to provide a base
current to the base terminals of the first and second switches,
and connectable to the emitter terminals of the first and
second switches to provide a short-circuit between the base
and emitter terminals of the first and second switches, the
controller comprising a timing circuit for controlling the
provision of the base current and the short-circuit in a
sequence.

In one embodiment, the controller comprises:

a first terminal for connection to the base terminal of the

first switch;

a second terminal for connection to the base terminal of

the second switch;

a third terminal for connection to the emitter terminals of

the first and second switches;

the controller adapted to provide positive base current

pulses to the first terminal, the positive base current
pulses being returned from the third terminal;

the controller adapted to provide negative base current

pulses to the second terminal, the negative base current
pulses being returned from the third terminal;

the controller adapted to provide a short-circuit between

the first and third terminals;

the controller adapted to provide a short-circuit between

the second and third terminals; and

the timing circuit controlling the sequence of the provi-

sion of the positive and negative current pulses and the
short-circuits.

In one embodiment, the first and second terminals are
interconnected.

In one embodiment, the controller comprises:

a positive supply terminal for connection to a positive

supply input;

a negative supply terminal for connection to a negative

supply input;

a first shunt regulator connected between the positive

supply terminal and the third terminal;

a second shunt regulator connected between the negative

supply terminal and the third terminal.

In one embodiment, the first shunt regulator directs
shunted current to the first terminal, and the second shunt
regulator directs shunted current to the second terminal.

In one embodiment, the controller comprises:

a positive supply terminal for connection to a positive
supply input;

a negative supply terminal for connection to a negative
supply input;

wherein the power converter comprises a transformer
having:

a main winding connected in series with the third termi-
nal;

an auxiliary winding connected in series with a resistor to
an input of a dual rectifier circuit having a positive output
connected to the positive supply terminal and a negative
output connected to the negative supply terminal.

In one embodiment, the power converter comprises at
least a first diode and a second diode, the first and second
diodes being free-wheel diodes, and wherein:

a cathode of the first diode is connected to the collector

terminal of the first switch;

an anode of the first diode is connected to the emitter

terminal of the first switch;

a cathode of the second diode is connected to the emitter

terminal of the second switch; and

an anode of the second diode is connected to the collector

terminal of the second switch.

In one embodiment, the controller comprises:
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a signal terminal for receiving a current sense signal;

a comparator circuit for comparing the current sense
signal to one of two turn-on current thresholds selected
alternately by the timing circuit; and

the timing circuit being responsive to an output of the
comparator circuit.

In one embodiment, the first and second switches are
bipolar junction transistors (BJTs). In one embodiment, the
first switch is a NPN BIT and the second switch is a PNP
BIT.

Embodiments of the present invention in a second aspect
provide a method of controlling a power converter having at
least a first switch and a second switch, each switch being a
transistor with a collector terminal, an emitter terminal, and
a base terminal, the method comprising:

turning on the first and second switches with a base
current; and

turning off the first and second switches with a short-
circuit between the base and emitter terminals of the first and
second switches.

In one embodiment, the first and second switches are
turned on alternately with a base current or a respective base
current.

In one embodiment, the first and second switches are
turned off alternately with a short-circuit between the
respective base and emitter terminals of the first and second
switches or with a respective short-circuit between the
respective base and emitter terminals of the first and second
switches.

In one embodiment, the emitter terminals of the first and
second switches are interconnected. In one embodiment, the
base terminals of the first and second switches are intercon-
nected.

In one embodiment, the method comprises providing a
controller for turning the first and second switches on and
off. In one embodiment, the controller turns the first and
second switches on and off in a sequence.

In one embodiment, power is supplied to the controller
through an auxiliary winding of a transformer.

In one embodiment, a current provided by the controller
is shunt-regulated. In one embodiment, the first and second
switches are turned on by the shunt-regulated current.

In one embodiment, one or more of the base currents
provided to the first and second switches is adjusted to
correct any imbalance between the first and second switches.

In one embodiment, one or more turn-on thresholds for a
respective base current provided to the first and second
switches is adjusted to correct any imbalance between the
first and second switches.

In one embodiment, a timing for providing the base
currents and/or the short-circuits to the first and second
switches is adjusted to correct any imbalance between the
first and second switches.

Other features and embodiments of the present invention
can be found in the appended claims.

Throughout this specification, including the claims, the
words “comprise”, “comprising”, and other like terms are to
be construed in an inclusive sense, that is, in the sense of
“including, but not limited to0”, and not in an exclusive or
exhaustive sense, unless explicitly stated otherwise or the
context clearly requires otherwise.

DESCRIPTION OF THE DRAWINGS

Preferred embodiments in accordance with the best mode
of the present invention will now be described, by way of
example only, with reference to the accompanying figures,
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in which the same reference numerals refer to like parts
throughout the figures unless otherwise specified, and in
which:

FIG. 1 is a schematic diagram of a self-oscillating half-
bridge switched-mode power converter using BJTs with a
base drive transformer in accordance with prior U.S. Pat.
No. 9,219,428,

FIG. 2 is a schematic diagram of a self-oscillating half-
bridge switched-mode power converter using complemen-
tary BJTs with a base drive transformer in accordance with
prior U.S. Pat. No. 7,956,550;

FIG. 3 is a schematic diagram of a half-bridge switched-
mode power converter using complementary BJTs with
interconnected base terminals and a controller comprising
two current sources I1, 12, and a switch S1 in accordance
with an embodiment of the present invention;

FIG. 4 is a schematic diagram of a half-bridge switched-
mode power converter using complementary BJTs with
separated base terminals and a controller comprising two
current sources I1, 12, and a switch S1 in accordance with
another embodiment of the present invention;

FIG. 5 is a schematic diagram of the embodiment of FIG.
3 shown with an auxiliary winding providing rectified power
to the controller, and the controller further including dual
shunt regulators;

FIG. 6 is a schematic diagram of the embodiment of FIG.
3 shown with an auxiliary winding providing rectified power
to the controller, and the controller further including dual
shunt regulators which direct shunted current to a base drive
output of the controller BD;

FIG. 7 are exemplary timing waveforms of an embodi-
ment of the present invention that uses a four-step timing
sequence;

FIG. 8 are the timing waveforms of FIG. 7 shown with
additional timing details;

FIG. 9 are schematic diagrams of the embodiment of FIG.
3 showing the BJT base current paths based on a four-step
timing sequence as shown in FIG. 8;

FIG. 10 are exemplary timing waveforms of an embodi-
ment of the present invention where the bridge formed by
the switches is imbalanced since the turn-off times of the
switches are substantially different;

FIG. 11 are timing waveforms of the embodiment of FIG.
10 where the bridge imbalance is corrected by a first
correction method;

FIG. 12 are timing waveforms of the embodiment of FIG.
10 where the bridge imbalance is corrected by a second
correction method;

FIG. 13 are timing waveforms of the embodiment of FIG.
10 where the bridge imbalance is corrected by a third
correction method; and

FIG. 14 is a schematic diagram of the embodiment of FI1G.
3 shown with free-wheel diodes D3 and D4 connected
across the complementary BJTs Q1 and Q2.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

Referring to the figures, there is provided a controller 1
for a power converter 2 having at least a first switch Q1 and
a second switch Q2. Each switch Q1 and Q2 is a transistor
with a collector terminal 3, an emitter terminal 4, and a base
terminal 5. The controller 1 is connectable to the base
terminals 5 of the first and second switches Q1 and Q2 to
provide a base current 6 to the base terminals of the first and
second switches, and connectable to the emitter terminals 4
of the first and second switches Q1 and Q2 to provide a
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short-circuit between the base 5 and emitter 4 terminals of
the first and second switches. The controller 1 also com-
prises a timing circuit 25 for controlling the provision of the
base current 6 and the short-circuit in a sequence.

In the particular embodiment shown in the figures, the
controller 1 comprises a first terminal 7 for connection to the
base terminal 5 of the first switch Q1, and a second terminal
8 for connection to the base terminal 5 of the second switch
Q2. The controller 1 comprises a third terminal 9 for
connection to the emitter terminals 4 of the first Q1 and
second Q2 switches. The controller 1 is adapted to provide
positive base current pulses to the first terminal 7, with the
positive base current pulses being returned from the third
terminal 9. The controller 1 is also adapted to provide
negative base current pulses to the second terminal 8, with
the negative base current pulses being returned from the
third terminal 9. The controller 1 is further adapted to
provide a short-circuit between the first 7 and third 9
terminals, and to provide a short-circuit between the second
8 and third 9 terminals. The timing circuit 25 controls the
sequence of the provision of the positive and negative
current pulses and the short-circuits.

The first Q1 and second Q2 switches in the present
embodiment are bipolar junction transistors (BJTs). More
specifically, the first switch Q1 is a NPN BJT and the second
switch Q2 is a PNP BJT.

In some of the embodiments shown in the figures, the first
7 and second 8 terminals are interconnected. However, in
other embodiments, this does not have to be the case.
Similarly, in other embodiments, the emitter terminals 4 of
the first Q1 and second Q2 switches can be separately
connected to the controller 1, instead of being intercon-
nected as is the case in the embodiments shown in the
figures.

In some embodiments, the controller 1 comprises a posi-
tive supply terminal 10 (V+) for connection to a positive
supply input, and a negative supply terminal 12 (V-) for
connection to a negative supply input. In these embodi-
ments, the power converter 2 comprises a transformer T1
having a main winding W2 connected in series with the third
terminal 9. An auxiliary winding W1 is connected in series
with a resistor R1 to an input of a dual rectifier circuit 16
having a positive output 17 connected to the positive supply
terminal 10 (V+) and a negative output 18 connected to the
negative supply terminal 12 (V-). The auxiliary winding
W1, resistor R1, and dual rectifier circuit 16 form at least
part of an auxiliary supply circuit.

In some embodiments, the controller 1 also comprises a
first shunt regulator 14 connected between the positive
supply terminal 10 and the third terminal 9. The controller
1 can also comprise a second shunt regulator 15 connected
between the negative supply terminal 12 and the third
terminal 9. The controller 1 can be further adapted so that the
first shunt regulator 14 directs the shunted current to the first
terminal 7 and the second shunt regulator 15 directs the
shunted current to the second terminal 8, whereby the
resistor R1 substantially determines the current supplied to
the first and second switches Q1 and Q2.

In some embodiments, the power converter 2 comprises at
least a first diode D3 and a second diode D4, where the first
and second diodes are free-wheel diodes. A cathode 19 of the
first diode D3 is connected to the collector terminal of the
first switch Q1 (and also, in this embodiment, to the positive
HT+ supply terminal 11), and an anode 20 of the first diode
D3 is connected to the emitter terminal of the first switch Q1
(and also, in this embodiment, to the third terminal 9). A
cathode 21 of the second diode D4 is connected to the
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emitter terminal of the second switch Q2 (and also, in this
embodiment, to the third terminal 9), and an anode 22 of the
second diode D4 is connected to the collector terminal of the
second switch Q2 (and also, in this embodiment, to the
negative HT- supply terminal 13).

In some embodiments, the controller 1 comprises a signal
terminal 23 for receiving a current sense signal. A compara-
tor circuit 24 compares the current sense signal to one of two
turn-on current thresholds selected alternately by the timing
circuit. The timing circuit 25 is responsive to an output of the
comparator circuit 24.

Embodiments of the present invention also provide a
method of controlling a power converter 2 having at least a
first switch Q1 and a second switch Q2. Each switch Q1 and
Q2 is a transistor with a collector terminal 3, an emitter
terminal 4, and a base terminal 5. An embodiment of the
method comprises turning on the first Q1 and second Q2
switches with a base current 6, and turning off the first Q1
and second Q2 switches with a short-circuit between the
base 5 and emitter 4 terminals of the first and second
switches.

In some embodiments, the first Q1 and second Q2
switches are turned on alternately with a base current 6 or a
respective base current 6, that is, the base currents 6 pro-
vided to the first Q1 and second Q2 switches can be the same
base current or different base currents. The first Q1 and
second Q2 switches are turned off alternately with a short-
circuit between the respective base 5 and emitter 4 terminals
of the first Q1 and second Q2 switches or with a respective
short-circuit between the respective base 5 and emitter 4
terminals of the first Q1 and second Q2 switches.

The emitter terminals 4 of the first Q1 and second Q2
switches can be interconnected. The base terminals 5 of the
first Q1 and second Q2 switches can be interconnected.

In the embodiments shown in the figures, a controller 1
turns the first Q1 and second Q2 switches on and off. More
specifically, the controller 1 turns the first Q1 and second Q2
switches on and off in a sequence.

In some embodiments, power is supplied to the controller
1 through an auxiliary winding W1 of a transformer T1 and
a current provided by the controller 1 is shunt-regulated.

In one embodiment, the first Q1 and second Q2 switches
are turned on by the shunt-regulated current.

In one embodiment, one or more of the base currents 6
provided to the first Q1 and second Q2 switches is adjusted
to correct any imbalance between the first and second
switches.

In another embodiment, one or more turn-on thresholds
for a respective base current 6 provided to the first Q1 and
second Q2 switches is adjusted to correct any imbalance
between the first and second switches.

In a further embodiment, a timing for providing the base
currents 6 and/or the short-circuits to the first Q1 and second
Q2 switches is adjusted to correct any imbalance between
the first and second switches.

Considering FIG. 3 in more detail, FIG. 3 shows a
schematic circuit diagram of a simple embodiment of the
present invention. FIG. 3 depicts the basic components of a
direct-drive half-bridge power converter using BITs. NPN
BJT Q1 and PNP BJT Q2 are connected in series to form a
half-bridge between voltage rails HT+ and HT-, that is, the
positive HT supply terminal 11 (HT+) and the negative HT
supply terminal 13 (HT-) respectively. The primary winding
W2 of transformer T1 is connected between the half-bridge
and the capacitor C1. Clamping switch S1 is connected
between the emitter 4 and base 5 terminals of the BJTs Q1
and Q2. Switchable current source I1 is connected between
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the emitter 4 and base 5 terminals of Q1. Similarly, swit-
chable current source 12 is connected between emitter 4 and
base 5 terminals of Q2.

An alternative arrangement uses separated base clamping
switches, allowing voltage and/or current sources to switch
off the BITs faster, thus achieving lower switching losses.
The arrangement of FIG. 4 shows two base clamping
switches S1 and S2, each connected in series with a voltage
source, V1 and V2 respectively. By these means, a reverse
base-emitter voltage is applied to remove the base charge
more aggressively, in order to provide a means for turning
off each BIT faster.

The power conversion sequence is a repeating sequence
of four steps, as shown in FIG. 7. More particularly, the steps
involve the following.

Step 1: switch Si is opened, and current source I1 is turned
on, charging the base 5 of Q1, thereby turning on Q1.

Step 2: switch Si is closed, shorting out the base-emitter
junction (a short-circuit between the base 5 and emitter 4) of
Q1, thereby turning off Q1.

Step 3: switch Si is opened, and current source 12 is
turned on, charging base 5 of 2, thereby turning on Q2.

Step 4: switch Si is closed, shorting out the base-emitter
junction (a short-circuit between the base 5 and emitter 4) of
Q2, thereby turning off Q2.

The effects of this control sequence are now described in
greater detail. FIG. 9 shows the paths of the base current 6
in the circuit for Steps 1 and 2. The paths of the base current
6 for Steps 3 and 4 are not shown as these are complemen-
tary to Steps 1 and 2 and can be easily appreciated there-
from.

The timing intervals t1, 12a, 125, t2¢, 13, tda, t4b, and tdc
indicated in the figures are described below.

Interval t1:

Primary current passes through a pre-defined turn-on
current threshold 1., (this defines the start of Step 1).
Current source 11 is turned on, supplying current I, to the
base of Q1. Note that Q1 Is already turned on because the
base of Q1 is full of charge from the reverse conduction in
the previous intervals t46 and tdc. Q1 collector-emitter
saturation is maintained by the I, base current. The bridge
voltage is clamped to the HT+ supply voltage.

Interval t2a:

Switch S1 is closed, current flows out of the base 5 of Q1,
rapidly removing base charge, thereby turning it off. The
series inductor (L1 in the primary circuit) continues to draw
current, which drives the bridge voltage sharply negative.

Interval t2b:

The bridge voltage undershoots the HT- supply voltage,
so that Q2 collector-base junction is forward-biased and
conducts current, clamping the bridge to HT-. During this
interval, Q2 base-emitter is reverse-biased, therefore Q2 is
operating in reverse-conduction mode. The large base cur-
rent fills Q2 base-collector junction with charge, which
ensures that Q2 is heavily saturated by the end of this
interval.

Interval t2c¢:

Q2 base is full of charge from the previous interval. Since
the collector-emitter current is now close to zero, most of the
base charge is retained and Q2 maintains saturation. The
bridge voltage is held at the HT- supply voltage.

Interval t3:

The primary current passes through a pre-defined turn-on
current threshold ITH2 (this defines the start of Step 3). Note
that the base is full of charge from the reverse conduction in
the previous intervals 126 and t2¢. Q2 collector-emitter
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saturation is maintained by the IBD base current. The bridge
voltage is held at the HT- supply voltage.

Interval t4a:

Switch Si is closed, rapidly removing base charge from
Q2, thereby turning it off. The series inductor (L1 in the
primary circuit) continues to source current, which drives
the bridge voltage sharply positive.

Interval t4b:

The bridge voltage overshoots the HT+ supply voltage, so
that Q1 collector-base junction is forward-biased and con-
ducts current, clamping the bridge to HT+. During this
interval, Q1 base-emitter is reverse-biased, therefore Q1 is
operating in reverse-conduction mode. The large base cur-
rent fills Q1 base-collector junction with charge, which
ensures that Q1 is heavily saturated by the end of this
interval.

Interval tdc:

Q1 base is full of charge from the previous interval. Since
the collector-emitter current is now close to zero, most of the
base charge is retained and Q1 maintains saturation. The
bridge voltage is held at the HT+ supply voltage.

In cases where the complementary BITs Q1 and Q2 are
not well-matched, the turn-off delays can be very different,
potentially resulting in imbalanced bridge waveforms,
excessive heat dissipation, reduced efficiency and even
unstable operation. For example, FIG. 10 shows waveforms
for a converter 2 in which the complementary BJTs Q1 and
Q2 are not well-matched. In this case, comparing the turn-off
times for Q1 and Q2, tyzx 1) is greater than t,zx(o,, Which
results in current and voltage waveforms which are visibly
imbalanced.

The BJT turn-off time is dependent on the amount of base
charge present when the turn-off clamp S1 is applied. This
is dependent on the base charge injected by the current
sources during the turn-on intervals, Steps 1 and 3. Addi-
tionally, the BJT turn-off time is also strongly dependent on
the base charge injected during the preceding turn-off clamp-
ing interval after the bridge voltage has commutated. For
Q1, charge is injected into the base in the interval t45. For
Q2, charge is injected into the base in the interval t24.

To compensate for the imbalance, a first method works by
modifying the current provided by the turn-on current
sources I1 and 12. The method adjusts the base current and,
therefore, the level of BJT saturation to improve the match-
ing of the BJT turn-off times. FIG. 11 gives an example of
this method of imbalance correction by modifying the
turn-on current source I1 to be less than 12.

A second method of compensating for bridge imbalance
works by modifying the timing of the start of Steps 1 and 3.
The method adjusts the turn-on current threshold levels of
Iz and 1., (which define the start of Steps 1 and 3,
respectively) which, in turn, adjusts the injected base charge,
thereby adjusting also the level of BJT saturation and finally
adjusting the turn-off times to rebalance the bridge switching
waveforms. FIG. 12 gives an example of this method of
imbalance correction by modifying the turn-on current
threshold 1,4, to be greater than 1,4,,.

A third method works by modifying the step timings to be
asymmetric. For example, FIG. 13 shows the case where Q1
turns off faster than Q2. By shortening Step 1, the actual Q1
turn-off timing can be adjusted to cancel out the bridge
imbalance. Note that this third compensation method differs
from the others in that it works by modifying only the
timings and does not significantly modify the levels of BIT
saturation.

Referring in particular to FIG. 8, when Si is closed at Step
2, the charge in the base-emitter region is removed through
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S1, causing Q1 to switch off after time delay interval t2a.
The inductance of L1 causes the primary current to continue
flowing after Q1 switches off, so that the bridge voltage falls
rapidly until it drops below the negative supply rail HT- at
the start of interval t25. At this point, most of the primary
current flows into Q2 collector, out of Q2 base and through
S1, as shown in FIG. 9. Switching into this reversed mode,
the Q2 base-collector junction typically takes about one
microsecond to achieve full conduction. Due to this delay,
the bridge voltage will typically undershoot the voltage of
the negative supply rail HT-, aggravating the switching
losses and RF emissions. These undesirable effects may be
mitigated by adding fast turn-on free-wheel diodes across
the collector-emitter junctions of each BIT (see diodes D3
and D4 shown in FIG. 14) to clamp the overshoot.

A controller 1 and supply circuit capable of providing the
drive method according to an embodiment of the present
invention is shown in FIG. 5. The controller 1 (U1) com-
prises switch S1, and current sources I1 and 12. The supply
circuit comprises an auxiliary winding W1 on transformer
T1 in series with current limiting resistor R1, connected
between the junction of the emitters 4 of Q1 and Q2 and a
dual rectifier circuit 16 comprising diodes D1 and D2. The
anode of D1 is connected to the positive supply terminal V+
of U1, and the cathode of D2 is connected to the negative
supply terminal V- of Ul. The voltage induced in W1 is in
phase with the voltage developed on main winding W2 of T1
so that power is delivered to Ul when base current 6 is
required, which allows the values of the supply decoupling
capacitors C2 and C3 to be advantageously minimized. The
voltage generates an alternating current through R1 which is
rectified by diodes D1 and D2 to produce a positive voltage
on terminal V+of U1 and a negative voltage on terminal V-
of U1. Optionally, zener diodes ZD1 and ZD2 or equivalent
shunt regulators may be used to provide voltage limiting for
the positive supply terminal 10 (V+) and negative supply
terminal 12 (V-).

FIG. 6 shows a controller 1 supplied by power rectified
from the auxiliary winding W1, in which the positive and
negative supply terminals V+ and V- are shunt regulated by
amplifiers A1 and A2 operating on current sources 11 and 12,
respectively, which direct the excess current to the BD node.
The current drawn from the auxiliary winding W1 is deter-
mined by the value of R1. In this way, the base drive current
6 to Q1 and Q2 is ultimately determined by the value of R1.

Considering the problem of bridge imbalance described
earlier, a degree of inherent self-balancing can be achieved
by using the circuits of FIG. 5 and FIG. 6. The rectified
supply rails V+ and V- vary in response to the bridge
imbalance. By connecting the auxiliary winding W1 in the
correct phase with respect to the primary winding W2, the
base drive current 6 can be rebalanced, modifying the
storage times of Q1 and Q2 to compensate for the original
bridge imbalance.

It is also appreciated that the aforesaid embodiments are
only exemplary embodiments adopted to describe the prin-
ciples of the present invention, and the present invention is
not merely limited thereto. Various variants and modifica-
tions can be made by those of ordinary skill in the art without
departing from the spirit and essence of the present inven-
tion, and these variants and modifications are also covered
within the scope of the present invention. Accordingly,
although the invention has been described with reference to
specific examples, it is appreciated by those skilled in the art
that the invention can be embodied in many other forms. It
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is also appreciated by those skilled in the art that the features
of the various examples described can be combined in other
combinations.

It is claimed:

1. A controller for a power converter having at least a first
switch and a second switch, each switch being a transistor
with a collector terminal, an emitter terminal, and a base
terminal, the controller connectable to the base terminals of
the first and second switches to provide a base current to the
base terminals of the first and second switches, and con-
nectable to the emitter terminals of the first and second
switches to provide a short-circuit between the base and
emitter terminals of the first and second switches, the emitter
terminals of the first and second switches being joined
together to provide the short-circuit between the base and
emitter terminals of the first and second switches, the
controller comprising a clamping switch connected between
the emitter and base terminals of the first and second
switches and closeable to provide the short-circuit between
the base and emitter terminals of the first and second
switches, and a timing circuit for controlling the provision of
the base current and the short-circuit in a sequence, the
controller further comprising:

a first terminal for connection to the base terminal of the

first switch;

a second terminal for connection to the base terminal of

the second switch;

a third terminal for connection to the emitter terminals of

the first and second switches;

the controller adapted to provide positive base current

pulses to the first terminal, the positive base current
pulses being returned from the third terminal;

the controller adapted to provide negative base current

pulses to the second terminal, the negative base current
pulses being returned from the third terminal;

the controller adapted to provide a short-circuit between

the first and third terminals;

the controller adapted to provide a short-circuit between

the second and third terminals; and

the timing circuit controlling the sequence of the provi-

sion of the positive and negative current pulses and the
short-circuits.

2. The controller according to claim 1 wherein the first
and second terminals are interconnected.

3. The controller according to claim 1 further comprising:

a positive supply terminal for connection to a positive

supply input;

a negative supply terminal for connection to a negative

supply input;

a first shunt regulator connected between the positive

supply terminal and the third terminal;

a second shunt regulator connected between the negative

supply terminal and the third terminal.

4. The controller according to claim 3 wherein:

the first shunt regulator directs shunted current to the first

terminal;

the second shunt regulator directs shunted current to the

second terminal.

5. The controller according to claim 1 further comprising:

a positive supply terminal for connection to a positive

supply input;

a negative supply terminal for connection to a negative

supply input;

wherein the power converter comprises a transformer

having:
a main winding connected in series with the third
terminal;
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an auxiliary winding connected in series with a resistor
to an input of a dual rectifier circuit having a positive
output connected to the positive supply terminal and
a negative output connected to the negative supply
terminal.

6. The controller according to claim 1 wherein the power
converter comprises at least a first diode and a second diode,
the first and second diodes being free-wheel diodes, and
wherein:

a cathode of the first diode is connected to the collector

terminal of the first switch;

an anode of the first diode is connected to the emitter
terminal of the first switch;

a cathode of the second diode is connected to the emitter
terminal of the second switch; and

an anode of the second diode is connected to the collector
terminal of the second switch.

7. The controller according to claim 1 further comprising:

a signal terminal for receiving a current sense signal;

a comparator circuit for comparing the current sense
signal to one of two turn-on current thresholds selected
alternately by the timing circuit; and

the timing circuit being responsive to an output of the
comparator circuit.

8. The controller according to claim 1 wherein the first
and second switches are bipolar junction transistors (BJTs),
and the first switch is a NPN BJT and the second switch is
a PNP BIT.

9. A method of controlling a power converter having at
least a first switch and a second switch, each switch being a
transistor with a collector terminal, an emitter terminal, and
a base terminal, the emitter terminals of the first and second
switches being joined together to provide a short-circuit
between the base and emitter terminals of the first and
second switches, the method comprising:

turning on the first and second switches with a base
current; and

turning off the first and second switches with a short-
circuit between the base and emitter terminals of the
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first and second switches by closing a clamping switch
connected between the emitter and base terminals of
the first and second switches, wherein the emitter
terminals of the first and second switches are joined
together to provide the short-circuit.

10. The method according to claim 9 wherein the first and
second switches are turned on alternately with a base current
or a respective base current.

11. The method according to claim 9 wherein the first and
second switches are turned off alternately with a short-
circuit between the respective base and emitter terminals of
the first and second switches or with a respective short-
circuit between the respective base and emitter terminals of
the first and second switches.

12. The method according to claim 9 wherein the emitter
terminals of the first and second switches are interconnected.

13. The method according to claim 9 wherein the base
terminals of the first and second switches are interconnected.

14. The method according to claim 9 further comprising
providing a controller for turning the first and second
switches on and off in a sequence.

15. The method according to claim 14 wherein a current
provided by the controller is shunt-regulated.

16. The method according to claim 15 wherein the first
and second switches are turned on by the shunt-regulated
current.

17. The method according to claim 9 wherein one or more
of'the base currents provided to the first and second switches
is adjusted to correct any imbalance between the first and
second switches.

18. The method according to claim 9 wherein one or more
turn-on thresholds for a respective base current provided to
the first and second switches is adjusted to correct any
imbalance between the first and second switches.

19. The method according to claim 9 wherein a timing for
providing the base currents and/or the short-circuits to the
first and second switches is adjusted to correct any imbal-
ance between the first and second switches.
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